Objectives: It is largely unknown why extravascular lung water may increase during fluid loading in the critically ill with presumed hypovolemia. In this study we evaluated the hemodynamic predictors of such an increase.
F luid management is an essential part of the care for hypovolemic critically ill patients, but it may cause or aggravate pulmonary edema if cardiopulmonary function cannot compensate for the in-crease in preload. Fluid responsiveness is defined as an increase in cardiac output on a fluid challenge. Prediction and monitoring may prevent harmful fluid overloading (1, 2) , because loading in nonresponders is thought to contribute to pulmonary edema and to prolong mechanical ventilation (3, 4) .
Extravascular lung water (EVLW) can be determined at the bedside, together with cardiac output and blood volumes, by transpulmonary dilution techniques (5) . Previous studies have shown that EVLW changes during fluid loading do not relate to pulmonary vascular permeability, as measured by a radionuclide technique, and barely relates to cardiac filling pressures and colloid osmotic pressure (COP) (6, 7) . Although the latter factors, according to the Starling equation, should predict an increase of EVLW, their predictive value in clinical practice is poor, partly because of increased lymph flow offsetting increased microvascular fluid filtration in the lung (8) and partly because of confounding of measured filling pressures by airway pressures in mechanically ventilated patients. Together with the unknown magnitude and effects of interstitial fluid pressures, this may, for instance, explain the ongoing controversy of the value of the COP-filling pressure gradient for predicting pulmonary edema formation in the critically ill (9 -11) . In contrast, increase of EVLW may inversely relate to recruitable cardiac output and-because fluid extravasation is mostly preceded by pulmonary venous congestion (12) (13) (14) -pulmonary vascular filling. We therefore hypothesized that a plateau in cardiac function and pulmonary vascular filling, rather than permeability, cardiac filling pressures, and COP, is associated with an increase of EVLW during fluid loading. The aim of the current study was to identify predictors, in-cluding hemodynamics, blood volumes, and permeability, for pulmonary edema development during crystalloid and colloid fluid loading in the presumably hypovolemic critically ill patient.
PATIENTS AND METHODS
This was a prospective observational study including 63 hypovolemic patients (22 septic and 41 nonseptic patients) admitted to the intensive care unit (ICU). Patients were involved in previous fluid loading trials and randomly received saline, gelatin 4%, hydroxyethyl starch 6%, or albumin 5% (6, 7) . Together, these trials involved 112 patients. From this cohort, 38 cardiac surgery patients were excluded because of utilization of cardiopulmonary bypass and priming solution, which may confound EVLW increase before fluid loading in the ICU. Subsequently, 11 patients were excluded because no transpulmonary variables were obtained. The current study is a post hoc analysis of the remaining 63 patients. Written informed consent was obtained from patients or relatives. The study was approved by the ethical committee of the VU University Medical Center.
Patient Enrolment. Presumed hypovolemia was arbitrarily defined as a systolic arterial pressure Ͻ110 mm Hg, with either a pulmonary capillary wedge pressure (PCWP) Յ10 mm Hg (in the presence of a pulmonary artery catheter, n ϭ 9) or a central venous pressure (CVP) Յ12 mm Hg when positive endexpiratory pressure Յ15 mm Hg, or Յ16 mm Hg when positive end-expiratory pressure was Ͼ15 mm Hg (in the presence of a central venous catheter, n ϭ 54). Nonseptic patients were included within 3 hrs after major surgery, trauma, or gastrointestinal bleeding; septic patients were included within 12 hrs after meeting criteria for sepsis. Sepsis was diagnosed in the presence of two or more of the following criteria: abnormal body temperature (Ͻ36°C or Ͼ38°C); abnormal white blood cell counts (Ͻ4 or Ͼ12 ϫ 10 9 /L); tachycardia (Ͼ90/min) and tachypnea (Ͼ20/min or PaCO 2 Ͻ32 mm Hg [4.3 kPa]); combined with a microbiologically proven or clinical source of infection. Exclusion criteria were age older than 79 yrs, a life expectancy Ͻ24 hrs, and pregnancy. Patients were intubated on arrival at the ICU or before initiation of surgery and mechanically ventilated with a pressurecontrolled (septic patients) or a volumecontrolled (nonseptic patients) ventilation regimen, aiming at tidal volumes of 6 -8 mL/kg and normocapnia.
Study Protocol. After measurement of baseline study variables, patients received saline, gelatin 4%, hydroxyethyl starch 6%, or albumin 5% during an interval of 90 mins until predefined increases in CVP/PCWP were achieved (15) . Fluid loading rate did not exceed 200 mL per 10 mins and therefore amounted to 1800 mL at maximum. At 90 mins, measurement of study variables was repeated. Patients were otherwise treated by attending ICU physicians according to institutional guidelines and were followed-up until death or discharge from the ICU.
Measurement of Study Variables. After inclusion, demographic data were recorded. Pulmonary or central venous catheters had been inserted as part of routine management of these patients. Measurement of transpulmonary hemodynamic variables involved venous injection of 15 mL ice-cold indocyanine green (1 mg/mL 5% dextrose in water) after introduction of a 3F catheter (PV 2024; Pulsion Medical Systems, Munich, Germany) in the femoral artery. Dilutional curves were obtained (COLD Z-021; Pulsion Medical Systems); the average of triplicate measurements is given. The cardiac index (CI), global enddiastolic volume index, and pulmonary blood volume index (PBVI) were measured and indexed for body surface area. For techniques, we refer to other studies (16, 17) . The EVLW was indexed for predicted body weight (18) . Reproducibility is typically within 10% (5). The global ejection fraction (normal 20%-30%) is an index of cardiac function. It is calculated from stroke volume and global enddiastolic volume (stroke volume ϫ 4/global end-diastolic volume), where stroke volume is CI/heart rate, taken from continuous electrocardiograms. In the absence of right ventricular overload or dysfunction, the global ejection fraction is an index of left ventricular systolic function. Pressures were measured after calibration and zeroing to atmospheric pressure at the mid chest level with patients in supine position (Monitor Tramscope; Marquette Electronics, Milwaukee, WI). Mean pulmonary artery pressure and CVP were measured at end-expiration. After balloon inflation, the PCWP was recorded. Arterial blood samples were taken to assess PaO 2 and PaCO 2 (Rapidlab 865; Bayer Diagnostics, Tarrytown, NY). The plasma COP was measured using a membrane osmometer (Osmomat 050; Gonotex, Berlin, Germany). The fluid balance was recorded by the ICU staff. Ventilation settings including FIO 2 were obtained from the ventilator. Duration of mechanical ventilation was determined as the time from ICU admission to extubation. The lung injury score (LIS) was calculated from PaO 2 /FIO 2 ratio, number of alveolar consolidations on the chest radiograph, positive end-expiratory pressure, and pulmonary compliance (19) . The pulmonary leak index (PLI) was calculated by measuring extravasation of 67 gallium-labeled transferrin. Administration of autologous, 99m technetiumlabeled erythrocytes (11 MBq, physical halflife 6 hrs; Mallinckrodt Diagnostica, Petten, the Netherlands) and in vivo labeling of transferrin by intravenous injection of 67 galliumcitrate (4.5 MBq, physical half-life 78 hrs; Mallinckrodt Diagnostica) was followed by 30 mins of radioactivity detection over both lung apices (counts per minute per lung field) with two scintillation detection probes (Eurorad C.T.T., Strasbourg, France), and in 2-mL blood samples (counts per minute/g) taken every 4 mins (LKB Wallac 1480 Wizard; Perkin Elmer, Life Science, Zaventem, Belgium). The radioactivity ratio was calculated ( 67 gallium lung/ 99m technetium lung)/( 67 gallium blood/ 99m technetium blood) and plotted against time. Average PLI values for both lung fields were taken. Reproducibility for measurement is 14%. The upper limit of normal for PLI is 14.7ϫ10 Ϫ3 /min (20) .
Statistics. Because this is a substudy, it was not powered for a change in EVLW. The latter was used to divide patients into two groups (change in [⌬] EVLW Ͻ10% vs. ⌬EVLW Ն10%) for the purpose of this study. The 10% cut-off value was chosen because this represents the measurement error of EVLW, so that an increase Ն10% was considered as a significant increase in pulmonary edema. Variables were tested for normal distribution (Kolmogorov-Smirnov test) and presented as mean Ϯ SD, median (interquartile range), or number (percentage), when appropriate. Groups were compared for baseline variables (t ϭ 0) and ⌬variables during fluid loading using a Student t test or Mann-Whitney U test, when appropriate. For correlations, coefficients of determination (r 2 ) are given. A multiple logistic regression analysis with a stepwise backward method was performed introducing ⌬EVLW Ն10% as the dependent variable. The presence of sepsis, the baseline CVP, COP, CI, PBVI, PaO 2 /FIO 2 ratio, LIS, PLI, EVLW, and the type and volume of loading fluid were included as covariates in a regression model for baseline values (model A); the ⌬CVP, ⌬COP, ⌬CI, ⌬PBVI, ⌬PaO 2 /FIO 2 ratio and the ⌬global enddiastolic volume index were include as covariates in a regression model for ⌬ values (model B). Odds ratios with 95% confidence interval are given. Areas under the receiver-operating curves (AUC) were calculated. The maximal sum of sensitivity and 1Ϫsensitivity determined optimal cut-off values; p Ͻ .05 was considered statistically significant. Exact values are given unless Ͻ.001.
RESULTS

Study Population
Fifty patients (79%) showed a ⌬EVLW Ͻ10%, and 13 patients (21%) had a ⌬EVLW Ն10% during fluid loading. Groups were comparable with respect to age, underlying condition, Acute Physiology and Chronic Health Evaluation II score, mortality, fluid balance, volume, and type of loading fluid (Table 1 ).
Sepsis vs. Nonsepsis
Although septic patients had a higher baseline EVLW than nonseptic patients (10.5 Ϯ 6.1 vs. 7.4 Ϯ 3.0 mLk g Ϫ1 ; p ϭ .03), the ⌬EVLW was similar (Supplemental Fig. 1 
Study Variables
Hemodynamic and respiratory variables during fluid loading are presented in Table 2 . Groups were comparable for baseline EVLW. At baseline, patients with a ⌬EVLW Ն10% had a higher heart rate, stroke volume index, CI, PBVI and LIS, and a lower PaO 2 /FIO 2 ratio than patients with a ⌬EVLW Ͻ10% during fluid loading. The ⌬PBVI was higher in patients with a ⌬EVLW Ͻ10% than in patients with a ⌬EVLW Ն10% (p Ͻ .001 for ⌬PBVI; Table 2 ), whereas the ⌬CI also differed between groups (p ϭ .01; Table  2A ). Among patients with a ⌬EVLW Ͻ10%, 25 out of 50 (50%) patients were fluid-responsive (⌬CI Ն15%), whereas among patients with a ⌬EVLW Ն10% 5 out of 13 (38%) patients were fluidresponsive.
Correlations
The baseline CI directly correlated to ⌬EVLW ( Fig. 1A) and inversely correlated to ⌬CI (r 2 ϭ 0.17; p ϭ .001). In contrast, ⌬CI did not correlate to ⌬EVLW during fluid loading. The baseline PBVI and ⌬PBVI directly correlated to ⌬EVLW (r 2 ϭ 0.15, p ϭ .001 and r 2 ϭ 0.16, p ϭ .001, respectively). The baseline CI correlated to the PBVI (r 2 ϭ 0.23; p Ͻ .001). The ⌬PaO 2 /FIO 2 ratio was higher in patients with a ⌬EVLW Ͻ10% than in patients with a ⌬EVLW Ն10% (p Ͻ .003 for ⌬PBVI; Table 2 ), and inversely correlated to ⌬EVLW (r 2 ϭ 0.13; p ϭ .004). The PCWP correlated to the central venous pressure (r 2 ϭ 0.82 at t ϭ 0, p Ͻ .001 and r 2 ϭ 0.69 at t ϭ 90 mins, p ϭ .006). Table 3 shows multiple logistic regression models of baseline values (model A) and ⌬ values (model B). High CI, PBVI, and LIS at baseline individually contributed to prediction of EVLW increase during fluid loading, independent of the presence of sepsis, the PLI, CVP, COP, and the type and volume of fluid loaded. High baseline EVLW protected against EVLW increase (Table 3 , model A). An increase in CI, PBVI, and PaO 2 /FIO 2 ratio during fluid loading was independently associated with stable or decreasing EVLW, whereas an increase in global enddiastolic volume index was associated with an increase in EVLW during fluid loading (Table 3 , model B).
Regression Analysis
Predictive Values
Receiver-operating curves for a ⌬EVLW Ն10% are given in Figure 2 . The baseline CI had an AUC of 0.83 (p Ͻ .001), whereas baseline PBVI had an AUC of 0.83 (p Ͻ .001) ( Fig. 2A) . The AUC of ⌬CI, ⌬PBVI, and ⌬PaO 2 /FIO 2 ratio for ⌬EVLW Ն10% were 0.68 (p ϭ .05), 0.83 (p Ͻ .001), and 0.76 (p ϭ .004), respectively (Fig. 2B) . The optimal cut-off values, together with predictive values of these variables, are given in Table 4 .
Comparable predictive values were found in septic and nonseptic patients separately (Table 5 ). Figure 2C shows the receiver-operating curves of the regression models given in Table 3 . The AUC of the regression model for baseline values was 0.97 (p Ͻ .001), yielding a 92% sensitivity and 96% specificity; the AUC of the regression model for ⌬ values was 0.93 (p Ͻ .001), yielding 92% sensitivity and 100% specificity.
DISCUSSION
The main finding of this study is that a plateau of CI and PBVI, rather than permeability and pressures, predicts EVLW increase during fluid loading in presumed hypovolemic critically ill patients, independently of the presence of sepsis and the volume and type of loading fluid.
Patients with a relatively high baseline CI had a relatively low ⌬CI and a high ⌬EVLW, suggesting that these patients were on the plateau of their cardiac function curve and developed pulmonary edema on fluid loading. High predictive values were found for baseline CI. Although a relatively low baseline CI suggests recruitable CI, a highly variable ⌬CI was found in the group of patients without an EVLW increase, likely reflecting different causes for the low baseline CI, i.e., causes sensitive to fluid loading, e.g., preload responsiveness, and causes relatively insensitive to fluid loading, e.g., impaired myocardial contractility or increased afterload. Although a lack of recruitable CI may not necessarily be associated with an EVLW increase, a recruitable CI may exclude an EVLW increase and thereby may render continuation of fluid loading safe. This is reflected by the finding that the ⌬CI had a moderate to high sensitivity and negative predictive value, but low specificity and positive predictive value for an increase in EVLW (Table 4 ).
Besides CI, both baseline PBVI and ⌬PBVI were associated with an EVLW increase. As suggested (21, 22) , pulmonary vascular filling closely related to fluid extravasation. A low baseline PBVI may indicate reserve capacity of the vascular bed, allowing fluid loading, whereas absence of such reserve capacity (high PBVI) may preclude fluid loading. Because ⌬PBVI relates to ⌬EVLW, ⌬PBVI may be used to monitor fluid loading. Combining baseline PBVI and CI in a multiple logistic regression model even enhanced predictive values for ⌬EVLW Ն10%. The observation that PBVI relates to CI at baseline suggests that a plateau in cardiac function is associated with a plateau of pulmonary vascular filling and that fluid loading in this plateau leads to pulmonary congestion, fluid extravasation, and edema formation, in line with existing literature (23) . In a previous study, the discriminatory value of EVLW over blood volume ratios was evaluated, but it remained unclear whether cardiac or pulmonary blood volumes were most suitable to normalize EVLW (24) . The current study suggests that normalization by PBVI is more in line with prediction of EVLW and underlying physiology. A plateau in pulmonary vascular filling suggests maximal recruitment of the pulmonary vasculature. According to the Starling equation, fluid extravasation is not only determined by pressures and permeability but also by surface area, explaining the finding that pulmonary con-gestion affects fluid extravasation independent of pressures and permeability, and apparently this effect is greater than that of permeability and pressures (22) . Derecruitment of injured areas is a mechanism to protect against edema in animal experiments (25) , whereas increased per-fusion of damaged areas may promote edema formation, which is further enhanced by impaired lymphatic drainage (26) . Our findings that baseline LIS contributes to prediction of EVLW increase and our finding that combining LIS and PBVI in a regression model (Table 3 , model A) increases predictive values for an increase in EVLW support the concept that increased perfusion of injured areas is an important determinant of pulmonary edema. Yet, pulmonary edema is not augmented per se by an increase in cardiac output perfusing normal or injured lungs, as was demonstrated before in the experimental setting (27) . The decline in PaO 2 /FIO 2 ratio associated with an increase in EVLW underscores the clinical relevance of the effect of edema on pulmonary gas exchange and oxygenation and the possibility of using the ratio to prevent fluid overloading in the absence of transpulmonary dilution-EVLW measurements.
The occurrence of sepsis and the baseline EVLW were higher in patients with a ⌬EVLW Ն10%, but these interrelations did not confound the predictive value of baseline CI and PBVI for fluid-loadinginduced pulmonary edema formation for the following reasons. First, in multiple logistic regression analysis, CI and PBVI predicted ⌬EVLW Ն10% independent of the presence of sepsis and PLI. Second, the changes in EVLW were comparable for septic and nonseptic patients. Third, the predictive values of CI and PBVI for ⌬EVLW Ն10% were comparable in septic and nonseptic patients. Patients in this study were presumed to be hypovolemic, which was arbitrarily defined as a systolic arterial pressure Ͻ110mm Hg without elevated filling pressures (either CVP or PCWP; Materials and Methods section). Because filling pressures are poor predictors of fluid responsiveness (1), we used changes in filling pressures to monitor fluid loading, which may be independent of airway pressures in mechanically ventilated patients. Yet, 20% of our patients showed an increase in EVLW Ն10%, of whom only 38% were fluid-responsive, whereas 50% of patients with a ⌬EVLW Ͻ10% (80%) were fluid-responsive. The EVLW groups did not differ in baseline and changes in CVP or in global end-diastolic volume index, which is regarded as a better indicator of fluid responsiveness than CVP. Taken together, this again suggests that filling pressure-guided fluid loading poorly predicts (binary-defined, preloaddependent) fluid responsiveness and EVLW increase, and that the latter are not fully mutually exclusive.
Our study has some limitations. First, it was originally designed for evaluating the effect of fluid types on edema formation rather than for evaluating mechanisms. In relatively few patients of the study population, the PCWP was obtained that may be a direct measure of pulmonary capillary hydrostatic filtration pressure. However, PCWP strongly related to CVP, suggesting that CVP may adequately replace PCWP in these patients without, apparently, severely decreased left ventricular function. Second, in our study a double-indicator dilution method was used to obtain transpulmonary hemodynamic variables. At present, the use of single indicator methods is common practice, but the EVLW derived with single thermodilution is interchangeable with that obtained by the reference standard of thermal dye dilution as used in this study (28, 29) . Third, because this was a single-center study, optimal cut-off values may differ between patient populations. However, our study is a proof-ofprinciple study and underscores the value of transpulmonary thermodilution rather than central venous or pulmonary artery catheterization in guiding fluid loading to prevent pulmonary edema formation, although it was not designed for a formal comparison. Alternatively, dynamic indices and predictors of fluid responsiveness used to optimize fluid loading in patients with permeability edema and acute respiratory distress syndrome could also be helpful in preventing edema formation, but we did not study these variables because their value is restricted to patients using full mechanical ventilation with relatively large tidal volume, low respiratory frequencies, and with normal sinus rhythm.
In conclusion, our study suggests that EVLW increase during fluid loading in the critically ill is predicted by a plateau of cardiac function and pulmonary vascular filling at baseline, rather than by pulmonary vascular permeability and cardiac filling pressures. These observations may help to prevent pulmonary edema formation during fluid loading. 
